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Abstract 
In spite of the high level of mechanization in most forestry operations there is a continued need for improvements in productivity and cost 
effectiveness. Automation of mechanised operations is one possible solution to achieve such improvements but new techniques that can acquire 
information from the surroundings and make proper analyses rendering in streamlined or new work procedures are prerequisites. Furthermore, 
product producers buying forest biomaterials often have certain quality wishes. As an addition to automatic work procedures, new technology 
can further be used to retrieve information for identification and selection of certain tree assortments with different biomaterial properties. In this 
way, performance-based delivery of tree biomaterial extracted with highly automated work procedures has the possibility to be an enabler to 
continue the productivity development progress in the forest sector. The objective for this paper is therefore to summarize possible technical 
needs for and to design an experimental terrain vehicle platform for researchers and machine developers to test and validate new solutions that 
could improve cost effectiveness in forestry. The platform is designed specifically to test and validate various control systems for autonomy and 
robotics and also to enable tests and validation of attachments, e.g. to enable better planting procedures or identification of trees with certain 
properties. Sensors are embedded in the platform to register angles, rotation speed, etc., thus actualising machine automation as an enabler for 
performance-based delivery of planting or of tree biomaterial assortments. 
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1. Introduction 
The development of forestry machines in Sweden in the 
middle of the 1950s gradually replaced most of the previous 
manual work force. During the years machines have increased 
the productivity through different breakthroughs in technology 
development; a never-ending struggle to overcome the 
difficulties caused by unstructured, harsh terrain and unreliable 
weather conditions. Today, however, the productivity increase 
of forestry machinery has halted, resulting in needs for new 
solutions. The reasons for this productivity stall depend mainly 
on factors described in the following sections. 
1.1. Needed increase of automated and mechanical processes 
Different machine types traffic forest terrain for various 
purposes. Forwarders and harvesters conduct commercial 
thinning and final felling while utilising mechanical processes. 
Other activities on forest land occur after final felling, including 
mechanical stump removal [1], site preparation for subsequent 
manual planting [2] and mechanized tree planting [3]. One 
challenging problem regards the ground damage caused by 
forestry machines [4]. For this reason, different techniques have 
been introduced to prevent soil rutting and compaction [5, 6]. 
In addition to terrain accessibility issues, some objects, e.g. 
stones, stumps and slash residues, can become obstacles 
preventing machine activities from being optimally conducted, 
whereas for other activities, objects are needed to be found and 
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targeted, e.g. standing trees or stumps. Solutions for object 
identification are yet to be utilised in forestry. In fact, Vestlund 
and Hellström [7] identified obstacle avoidance and target 
identification as the most difficult problems to address when 
autonomous operations in forestry are concerned. 
Rantala et al. [8] claim that innovations in communication 
and sensor technology could offer solutions in mechanized 
planting that would increase the degree of automation, although 
requiring more investments that would lead to higher prices and 
operating costs. One way of keeping the investment costs down 
when innovations are developed, is to utilise existing 
technology. In silviculture the field of automation has been 
poorly explored [9]. Still, Kemppainen and Visala [10] found 
that stereo vision to some extent could be utilised to 
automatically find tree planting spots after forwarder based 
continuous mounding, while Lideskog et al. [11] presented a 
technique for obstacle identification during mounding with 
focus on stump identification. As a step towards obstacle 
identification, research in the area of efficient timber 
procurement started in Sweden 2002 where a long-term vision 
was to develop an unmanned vehicle that could transport timber 
from the felling area to the roadside while actively locating and 
avoiding obstacles in its path [12]. Research is ongoing, but 
have not shown any major breakthroughs yet regarding 
economic, social and ecological advantages. 
1.2. Whole value-chain efficiency 
Tree biomass is very heterogeneous in properties; some 
trees or some tree parts have certain properties that are more 
advantageous in some industries than others. During paper 
manufacturing, for example, wood fibre properties are 
important, while high E-modulus and density are decisive when 
making some solid wood products and high content of 
extractives could be very important if chemicals are to be 
utilised [13-15]. Therefore, the biomaterial assortments in our 
forests could be sorted early in the value-chain to be used as 
cost-efficiently as possible with high valorisation. In addition, 
if certain tree biomaterial assortments are sought for, the forest 
regeneration can be deliberately steered towards creating such 
assortments. With this in mind, performance-based contracts 
could be utilized to address a higher-level customer need. Such 
contracts will hence enable customers and providers to co-
create values [16]. Usually the contracts are used for lease of 
high tech, complex hardware that delivers a function to its 
customers [17]. Lideskog et al. [18] stated challenges and 
opportunities for a kind of performance-based concept before 
it could be implemented in forestry. They highlighted e.g. the 
need for a higher degree of mechanisation to allow for an easier 
risk calculation, as well as various possible scenarios that need 
to be processed in the contract. 
1.3. Lack of technology development incentives 
A problem in the forest sector is the lack of incentives for 
technology development. A few thousands of harvesters and 
forwarders are sold globally each year, while e.g. the car 
industry sells millions. Therefore, companies usually lack the 
funding to start and finalize large endeavours such as 
automating some of the now manually operated functions of a 
forest machine, or mechanisation of manual work. Companies 
rather rely on old, well-recognised technology which may be 
ineffectual and hence unnecessarily costly, although being 
robust. 
1.4. Objective 
The solution in forest sector of stated issues may not 
primarily be to increase the sale of machines, but to increase the 
quality of the biomaterials extracted from the forests via 
performance-based contracts. To sell a performance-based 
contract, it is imperative that you know the level of 
performance. Thus, this platform would act as an incentive for 
companies to invest in mechanisation and automation 
technology. For these stated reasons, academia and forestry 
technology companies have decided to collaboratively find a 
way to develop methods, tools and systems to overcome the 
stated challenges. Collaboration between academia and forestry 
companies in Sweden is already initiated [11], where the need 
for an optimized platform for systems and technology 
development have been identified. 
Hence, the objective for this paper is to present the design 
development of an experimental terrain vehicle platform and to 
show possible test applications for which it subsequently can be 
used. The vehicle should act as a mobile platform for 
researchers and machine developers to come together to test, 
validate and verify new forestry equipment designs (for tree 
planting, harvesting etc.) and control systems in vivo as a 
mechanisation and automation enabler. 
2. Method and Materials 
The design development of the research vehicle platform 
followed Ulrich and Eppinger’s [19] process for product 
development. 
Before the start of concept development, customer needs 
were thoroughly investigated to decide how the product 
eventually should be designed to meet the needs. In this case, 
the customers were actors in academia as well as forestry 
companies. Therefore, workshops and separate interviews were 
conducted with people from different disciplines with interest 
in the experimental terrain vehicle platform. The involved 
people were: 
 
x six people from academia with backgrounds in mechanical 
engineering, forest biomaterials and technology and 
control systems and robotics, and 
x four people from forestry technology companies focused 
on forestry machines, timber cranes and other forestry 
equipment and vehicle add-ons. 
 
The outcome from these interviews and workshops were 
analysed and formed into customer requirements which, beside 
information from the benchmarking and related technology 
phases, resulted in a requirement specification forming the 
basis for all the demands set on the product. When the basis of 
the product’s specifics had been generated, the next phase 
involved development of concepts. Through an iterative 
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process basic sub-functions of the experimental terrain 
vehicle’s constituent parts were developed, followed by more 
specific design parameters: The iterative process involved 
concept generation, where many different concepts were 
developed, who all satisfied the requirement specification. 
Afterwards, various sorts of evaluations were conducted on 
some plausible concepts to e.g. test and improve strength and 
durability, traction power, movement speed and accuracy, 
weight, etc. When main geometric descriptions existed, the 
most promising design (fulfilling the requirement specification) 
proceeded to the detail design where in-depth investigations 
were conducted on the design and ending with finalized 
drawings and computer models describing the geometry and 
manufacturing of each component. The manufacturing of the 
experimental terrain vehicle developed during this project is yet 
to be finalized, which means that the testing and refinement 
phase from Ulrich and Eppinger [19] remains. In addition, the 
phase involving production ramp-up is excluded since the 
vehicle will not serve as a commercial product. 
3. Results 
3.1. Requirement specification 
As an output from the investigations of needs, related 
technology and benchmarking, a requirement specification was 
created. A summarised version is presented in Table 1. The 
requirement specification summarises the needs from the 
stakeholders, and was used as basis during concept 
development. An important observation from the needfinding 
was the difficulty to identify which tests that will be performed 
on the experimental terrain vehicle. Therefore, the requirement 
specification was composed to secure a robust design, which 
enabled a lot of test opportunities in several different areas of 
forestry, where the machines are located at terrain sites. 
Table 1. Excerpt from the requirement specification. 
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3.2. Research vehicle platform design 
After the requirement specification was finalized, the 
process continued to the concept generation phase, in which 
numerous concepts were developed. Concepts are  descriptions 
of solutions that plausibly meet the requirement specification 
(and thereby satisfies the customer needs), usually expressed as 
sketches or a rough 3D models [19]. After this phase, some 
concepts were chosen for virtual testing aiming at selection of, 
among the concepts, the most suitable solution. This final 
solution, a fully functional machine made for various research 
evaluations, is shown in Fig. 1. Through the iterative 
development process, the research vehicle platform shown in 
Fig. 1 was developed. The final assembly of the experimental 
terrain vehicle included a rear platform for mounting external 
equipment with the engine and hydraulics in the front section. 
The pendulum arms are here positioned at a medium height 
which means that the machine can be both lowered and raised. 
The machine is powered by a diesel engine which in turn drives 
hydraulic pumps and motors. Four pendulum arms (Fig. 2) with 
radial wheels at the ends and separate hydraulic drives on each 
wheel constitute the solution for forward drive, maximizing the 
machine’s terrain accessibility. 
Each pendulum arm can be controlled individually, and the 
radial wheel can be replaced with other concepts to evaluate 
different solutions for the machine’s forward drive. The vehicle 
have an articulated joint for better terrain accessibility and 
agility. The articulated joint now utilises one degree of freedom 
(dof), but one more can be added if needed in the future by 
replacing rigid beams with hydraulic ones (while adding 
further control). 
An important design to allow for imitation of different 
vehicles and good terrain accessibility is the pendulum arms 
(Fig. 2). The hydraulic motor (1) is bolted to the arm where 
covers (2) exist to allow for access to the inside of the arm. A 
protection plate (3) is mounted to avoid external forces to 
damage the hydraulic brake line underneath. The pin (4) for the 
hydraulic cylinder in inserted into the bushings of the cylinder 
mount and the pin is locked into place on the other side of the 
arm. Bronze plain bearings (5) are used to decrease the wear 
and simplify mounting of the pendulum arm to the chassis. 
 
Fig. 1. The final research vehicle platform. 
 
Fig. 2. Pendulum arm of the research vehicle platform. 
The drivetrain of the research vehicle platform (Fig. 3) 
constitute a 129 kW diesel engine (1) which drives three 
hydraulic pumps in series (2), (5) and (6). The first (2) is the 
primary pump for driving the four hydraulic hub motors (4) 
with individual control from the hydraulic valves (3). The 
second hydraulic pump (5) drives the movement of the 
pendulum arms (individually) and the articulated joint, as well 
as any external equipment. The third hydraulic pump (6) is in a 
smaller with the purpose of moving oil to the cooler. All pumps 
are coupled in series. The properties of the research vehicle 
platform (Table 2) was derived from each component 
performance, such as engine power, dynamics investigations, 
inertia in the hydraulics, etc. To enable machine automation, 
sensors are needed to keep track of certain variables. For this 
research vehicle platform, the following variables are 
measured: 
x The angle of the articulated joint (1 dof). 
x Each pendulum arm angle to a horizontal reference (1 dof 
x4). 
x The 3D position and velocity of the mounting platform for 
external equipment in relation to the gravitational vector 
(roll, pitch and yaw at 400 Hz sampling rate). 
x GPS position. 
x The pressure exerted on the primary hydraulics from the 
wheel in contact with the ground (for each wheel). 
x Rotational speed and direction of each individual hub 
motor (3600 pulses/revolution). 
x Hydraulic brakes on or off. 
Gear in position 1 or 2 (low speeds in terrain or high speeds 
for road travel). 
 
Fig. 3. Drivetrain of the research vehicle platform. 
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Table 2. Performance of the research vehicle platform (a selection). 
 
 
The properties of the research vehicle platform (Table 2) 
was derived from each component performance, such as engine 
power, dynamics investigations, inertia in the hydraulics, etc. 
The vehicle enables possibilities for many validation, 
verification and testing activities. It is highly modular at a sub-
function level to enable easy switch between e.g. different 
suspension solutions, regular or hybrid drivelines, or different 
amounts of planting arms. The main focus of the resulting 
terrain vehicle is its performance in-field in accurate terrain 
situations that today’s forestry machines encounter. The 
vehicle could be used in several context to assess the 
applicability of systems, methods and tools within e.g. forest 
regeneration, forest management and afforestation as shown in 
Table 3. 
4. Discussion & Conclusions 
The resulting design of the research vehicle platform will 
provide possibilities for testing, verification and validation of 
different solutions, e.g. contact organs, control systems, 
methods, ideas etc. The research vehicle platform design 
allows for components to be exchanged. For example, the 
diesel engine mounted today is now chosen for the usage as an 
experimental vehicle, rather than as a commercialised one. 
Therefore, if this vehicle is to be commercialised, other drive 
systems may be considered to allow for e.g. better fuel 
efficiency and a lower environmental impact. As another 
example, the rubber wheels mounted on hydraulic motors can 
be removed and replaced with other more advanced contact 
organs to test terrain characteristics of different solutions. Too 
many hydraulically actuated of driven components will only 
result in overly complicated control systems. This might also 
include power limitations from the engine if the contact organs 
and other components become unnecessarily advanced. 
Successfully developed systems, methods or tools that 
enable some of the listed areas in Table 3 will enable feedback 
to be sent between the different areas in the value-chain, both 
backwards and forwards since the value-chain actually are 
circular. For example, harvested trees can be given a coordinate 
whereby such information can be used for tree stump removal 
or obstacle avoidance during mechanized planting or site 
preparation in later stages. 
In terms of the biomaterial performance, several properties 
could be measured and the information be used to sort the 
biomaterial early and to send it to correct facilities, for example 
by measuring e.g. moisture content, density, knots presence or 
mechanical capacity and use as decision support [20]. Better 
sorting in the first step of refinement may further add value to 
subsequent residues from e.g. paper pulp processes where 
sludge can be used to create nanocellulose [21]. The 
performance of the biomaterial can be measured by using 
several different techniques. It is however the end-customers 
that know what add value (performance) to the delivered goods, 
whether it is low amounts of knots, high density or high 
mechanical capacity. Thus, it is the customers that know what 
the machine should be capable of measure to sort out the 
correct biomaterial performance. Therefore, the customers 
need to assist in the decision making when designing a 
commercialized vehicle that have the capability to perform 
autonomous tasks and enhanced sorting i.e. value co-creation. 
In future steps, customers working with wood refining should 
therefore be aiding in co-constructing the machine design and 
the complex design of a performance based contract [16]. 
Lideskog et al. [18] suggest Functional Products as a suitable 
business model in forestry where the complexity of supplier-
customer business relations are addressed [22]. Lindström et al. 
[22] stress the importance of trust between the involved parties, 
the involvement and commitment of the customer in the service 
provision. 
In conclusion, Table 3 exemplifies some of the areas in 
forestry in which the research vehicle platform can be used as 
means to verify (meets design specifications?), validate (meets 
stakeholder needs?) and test (evaluate) various tools, methods 
and systems. These solutions will be enablers for sustainable 
development through performance-based contracts having less 
environmental impact and higher social acceptance. All value-
chain phases in Table 3 need to be addressed when providing 
performance of the biomaterial as the end product, since the 
phases are circularly dependent of each other.
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Table 3. Verification, validation and testing possibilities for the research vehicle platform in forestry (as exemplified in a Swedish forest management model). 
Address value-chain dependencies during performance-based contracts 
 
(Seed and seedling 
procurement) 
Forest 
regeneration Forest management Afforestation 
(Transportation from 
forest) (Wood processing) 
 Site preparation* Pre-commercial thinning* Harvesting**   
 Planting* Commercial thinning** Forwarding**   
 Direct seeding**  Other machine tasks**   
*   = Manual work is dominating 
** = Machines are mainly used 
1. Increase automation degree 
a. Test algorithms and control systems with existing products and components (e.g. more effective movement of existing 
crane or machine) 
b. Test algorithms and control systems with new products and components (e.g. machine vision + new work procedures of 
streamlined components) 
c. “Superhuman” sensors, beyond human sensing 
2. Increase mechanisation degree 
a. Test new products and components 
3. Increase biomaterial quality through automation 
a. “Superhuman” sensors, beyond human sensing 
4. Validate simulations 
a. Go from computer to reality to test control systems, methods and systematic changes  
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